The K absorption pre-edge structure arises from excitations into the lowest unoccupied states that are partly formed by metal 3d orbitals. The pre-edge energy position, intensity and spectral shape can give valuable insight into the metal site symmetry and electronic configuration. The excited electronic states that form the absorption pre-edge subsequently decay radiatively. This fluorescence decay can be recorded using a crystal spectrometer that has a similar energy bandwidth as the incident beam. Plotting the fluorescence intensity versus incoming and outgoing energy yields three-dimensional plots that offer numerous possibilities for further analysis. In this paper we show that resonant inelastic X-ray scattering (RIXS) considerably facilitates separation of the K pre-edge structure from the strong dipole allowed transitions at higher incident energies. Previously unobserved spectral features could be revealed. The spectra along the energy transfer axis contain information on the electronic structure that is complementary to K-edge absorption spectroscopy.
Introduction
The electronic states that form an absorption spectrum are resonantly excited states that subsequently decay. The released energy can be carried either by an electron that is excited into the continuum (resonant Auger effect) or by a photon (resonant X-ray scattering or RXS). A review of the resonant Auger effect was published by Armen [1] . A large body of work already exists on resonant X-ray scattering that was reviewed comprehensively by Gel'mukhanov and Ågren as well as Kotani and Shin [2] . We will focus in this article on resonant inelastic X-ray scattering (RIXS) at the transition metal K absorption pre-edges where only few studies have been done up until now.
The RIXS plane
After resonant excitation of a 1s electron, the subsequent radiative decay with the highest probability is a 2p to 1s (K ) transition. The 3p to 1s (K ) transitions are about a factor 8 weaker [3] . An expression for the RIXS spectrum F ( , ), where and are, respectively, the incident and emitted photon energy, can be derived from the differential cross section that describes the inelastic X-ray scattering process [2] . It is giving by
( The intermediate state |i is reached from the ground state |g via a transition operator T 1 . In a simplified picture using atomic configurations we can write |g = 3d n and |i = 1s3d n+1 , i.e. a 1s electron is resonantly excited into a 3d orbital (Figure 1 ). The intermediate states |i in RIXS spectroscopy are the final states in conventional absorption spectroscopy. The spherical (SO 3 ) symmetry of the atomic 3d orbitals branches to the lower symmetry at the metal site. T 1 identifies with the quadrupole transition operator if the scattering atom is in centrosymmetric coordination (e.g. O h symmetry). If the symmetry is reduced, e.g. to square pyramidal (C 4v ) or tetrahedral (T d ), T 1 obtains some dipole contribution. In this case, the crystal field split 3d orbitals partly belong to the same irreducible representation of the point group as the metal 4p orbitals. The states can therefore mix and transitions from 1s to the 3d4p mixed states are dipole allowed [4] . The ratio of the dipole to the quadrupole contribution can be determined in single crystalline samples by analyzing the angular dependence of the absorption coefficient using linear polarized light [5] or by studying anomalous diffraction [6] .
The final states are reached via a 2p or 3p to 1s dipole transition. The electron configurations of the RIXS final states are identical to the soft X-ray L-edge (2p 5 3d n+1 ) and M-edge (3p 5 3d n+1 ) absorption final states. However, the RIXS process is described by two transition matrix elements (cf. Equation (1)) that are connected coherently while an absorption spectrum arises from one transition (cf. Figure 1) . Thus, the intensities in the fine structure of the spectra resulting from spin-orbit and electronelectron interactions as well as crystal field splittings might differ between K pre-edge RIXS and soft X-ray absorption.
The incident energy as well as the emitted energy are varied in a RIXS experiment. The recorded intensity is proportional to F ( , ) and is thus plotted versus a twodimensional grid. The overall spectra are best displayed in contour plots. In order to assign the total energy of an electronic state to the axes of the contour plots we will use the energy transfer or final state energy − as opposed to the emitted energy ( Figure 1 ). The energy transfer axis relates to the excitation energy in L-and M-edge absorption spectroscopy, respectively. The lifetime broadenings K for the intermediate states and f (f = L, M) for the final states then apply in the and − direction, respectively. Scans with constant emission energy (CEE) represent diagonal cuts through the ( , − ) RIXS plane. They are usually plotted versus the incident energy axis and then exhibit a line sharpening effect when compared to an absorption scan [7, 8] .
The instrumental broadenings stretch in the diagonal (incident beam) and vertical (emitted beam) direction in the ( , − ) plane. Resonant 1s excitations into localized orbitals with a discrete energy occur along a diagonal line if we neglect many-electron transitions. Spectral features off of this diagonal line towards larger energy transfer are due to electron-electron interactions in the final state between the unpaired p-electron and the valence shell. Continuum excitations or excitations into delocalized final states with a broad energy band can be viewed as an infinite number of resonant excitations infinitely close to each other. In the ( , − ) plane they thus appear as a diagonal streak [9] .
Experiment
The spectra were recorded at the BioCAT beamlime 18 ID at the Advanced Photon source. The total incident flux in the first harmonic of the undulator radiation was on the order of 10 12 to 10 13 photons/s depending on the incident energy monochromator crystal. For incident energies below 8 keV a cryogenically cooled Si(111) double crystal monochromator was employed. Above 8 keV (Ni K-edge) the Si(400) Bragg reflection was used. The fluorescence spectrometer features up to 8 analyzer crystal [10] . The following Bragg reflections were used: Ge(331) for V K , Ge(333) for Mn K , Ge(620) for Fe K and Si(620) for Ni K . The total data acquisition time to record one RIXS plane was 2-4 hours. Careful radiation damage studies were performed for each sample. Radiation sensitive samples were measured in a Heflow cryostat in an exchange gas surrounding. The RIXS plane was constructed by recording CEE scans (2-30 seconds each in 'on-the-fly' mode) for different emission energies. The beam position on the sample was changed with every scan and the spectra were corrected for variations in sample concentrations.
Results
A series of Ni coordination complexes shows the pre-edge shift with Ni oxidation state (Figure 2 ). While the K pre-edge yields identical spectra for Ni(II) high-spin and low-spin we can clearly identify the different Ni species in the energy transfer direction. The 1s2p RIXS plane for NiF 2 (3d 8 in O h symmetry) shows one K pre-edge resonance and a pronounced asymmetry towards the energy transfer direction due to (2p,3d) multiplet interactions. The high energy shoulder in the energy transfer direction has been used as a diagnostic of high-spin Ni(II) [11] . The K pre-edge is nearly invisible in the conventional absorption scan of the Ni(III) ) in octahedral geometry show the pre-edge shift with oxidation state that we already observed for Ni. This is well documented in the literature (Figure 3) 4 T 2 symmetry exhibits the strong final state interactions. For a detailed analysis of the pre-edge features it is necessary to subtract the background due to the K main edge. We developed a procedure that fits horizontal cuts through the RIXS plane at constant energy transfer to Voigt line profiles [15] . The fit yields a background plane that can be subtracted from the experimental RIXS plane. An example is shown for MnO in Figure 4 where we also show ligand field multiplet calculations that reproduce P. Glatzel the experimental spectral shape after edge subtraction. The MnO 1s2p 3/2 RIXS spectra can be fitted to two 1s resonances that are separated by the crystal field splitting similar to Fe 2 O 3 . This is consistent with 1s to 3d ligand field multiplet calculations for highspin Mn(II) in O h symmetry and thus indicates that quadrupole transitions contribute to the pre-edge intensity. The 2p 3/2 final states exhibit a shoulder on the high energy transfer side that also appears in soft X-ray L-edge spectroscopy for high-spin Mn(II) compounds [16] . The K pre-edge of VF 4 presents a nice example for the interplay between crystal field and multiplet splittings. Both have approximately the same magnitude and result in four almost equally separated pre-edge structures ( Figure 5 ) [17] . The two strong resonances at high incident energies appear to be further split. This could be indicative of the Jahn-Teller splitting in the t 2g orbitals.
Summary
RIXS spectroscopy enables to separate the K pre-edge from the main edge with a considerably higher accuracy than in conventional absorption spectroscopy. Previously unobserved spectral feature could be resolved. The energy transfer spectra contain information on the electronic structure that is complementary to the K pre-edge. Ligand field multiplet calculations can simulate the spectral features.
